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are reduced. A superconducting wire rod has a configuration
that includes a metal substrate 10; an intermediate layer 20
formed on the metal substrate 10 and containing a rare-earth
element that reacts with Ba; a reaction suppressing layer 28
formed on the intermediate layer 20 and mainly containing
LaMnO;,,,, wherein 81 represents an amount of non-sto-
ichiometric oxygen; and an oxide superconducting layer 30
formed on the reaction suppressing layer 28 and mainly con-
taining an oxide superconductor containing Ba.
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1
SUPERCONDUCTING WIRE MATERIAL AND
METHOD FOR MANUFACTURING
SUPERCONDUCTING WIRE MATERIAL

TECHNICAL FIELD

The present invention relates to a superconducting wire rod
used for a superconducting cable, a superconducting magnet
and the like, and a method for manufacturing thereof.

BACKGROUND ART

Many attempts have been conventionally proposed to
manufacture a superconducting wire rod by depositing an
oxide superconductor on a substrate.

Among them, a superconducting wire rod obtained by
depositing an oxide superconductor represented by a compo-
sition formula of REBa,Cu;0,_ (RE represents a rare-earth
element; also referred to as 123-based or RE-based supercon-
ductor) on a tape-shaped metal substrate to have flexibility
exhibits high current properties, and thus it is now one of
superconducting wire rods on which research and develop-
ment has been actively carried out. A number of prototypes
for an electric power device or the like using such wire rods
have already been manufactured.

The oxide superconductor has electrical anisotropy such
that the flow of electricity is promoted along the crystal axes
a and b of the crystals itself, but the flow of electricity is
impended along the crystal axis ¢ of the crystals itself.
Accordingly, when the oxide superconductor is formed on a
substrate, it is necessary to orient the crystal axes aand b so as
to promote the flow of electricity and orient the crystal axis ¢
along another direction.

However, the substrate itself is an amorphous material or
polycrystalline material that has a crystal structure signifi-
cantly different from that of the oxide superconductor. There-
fore, it is difficult to form an oxide superconductor exhibiting
high crystalline orientation on the substrate. Differences in
coefficients of thermal expansion and lattice constants
between the substrate and the oxide superconductor may
cause distortion in the superconductor or peeling-off of the
oxide superconductor film from the substrate during a cooling
process to a superconducting critical temperature.

As an approach to address these problems, an orientation
layer (i.e. intermediate layer) is first provided on a metal
substrate, and an oxide superconductor is formed on the ori-
ented layer. The oriented layer is deposited, for example, by
an ion beam assisted deposition method (IBAD method)
using a material such as MgO which exhibits high orientation
of'the crystal axis ¢ and high in-plane orientation of the crystal
axis a (i.e. biaxial crystal orientation).

Japanese Patent Application Laid-Open (JP-A) No. 2010-
103021 discloses the technique to achieve a higher biaxial
crystal orientation, in which a cap layer made of CeO,, PrO,
or the like is formed on an oriented layer, and then an oxide
superconducting layer made of an RE-based superconductor
containing Ba is formed thereon.

SUMMARY OF INVENTION
Technical Problem

However, in JP-A No. 2010-103021, since the cap layer
made of CeQO,, PrO, or the like is disposed directly below the
oxide superconducting layer, a rare-earth element contained
in a constituent of the cap layer such as CeO, or PrO, may
react with the Ba contained in the oxide superconducting
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layer during formation of the oxide superconducting layer or
a heat treatment process of a superconducting wire rod. As a
result, impurities such as BaCeO; or BaPrO; are generated in
the oxide superconducting layer or at an interface between the
oxide superconducting layer and the intermediate layer (i.e.
the cap layer) (that is, a surface of the oxide superconducting
layer at an intermediate layer side), which adversely affects
superconducting properties such as a critical current.

The invention has been made in view of the aforemen-
tioned circumstances, and it is an object of the invention to
provide a superconducting wire rod that contains fewer impu-
rities in an oxide superconducting layer or at a surface of the
oxide superconducting layer at an intermediate layer side, and
a method for manufacturing the same.

Solution to Problem

The aforementioned problems can be solved by the follow-
ing means.

<1> A superconducting wire rod including a metal sub-
strate, an intermediate layer formed on the metal substrate
and mainly containing a rare-earth element that reacts with
Ba, a reaction suppressing layer formed on the intermediate
layer and mainly containing [.aMnO, 5, wherein 81 repre-
sents an amount of non-stoichiometric oxygen, and an oxide
superconducting layer formed on the reaction suppressing
layer and mainly containing an oxide superconductor con-
taining Ba.

<2> The superconducting wire rod according to <1>, in
which an outermost layer of the intermediate layer at an oxide
superconducting layer side is a cap layer mainly containing at
least one selected from CeO, or PrO,.

<3> The superconducting wire rod according to <1> or
<2>, in which the oxide superconductor is REBa,Cu;0, 4.,
wherein RE represents a single rare-earth element or a plu-
rality of rare-earth elements and 82 represents an amount of
non-stoichiometric oxygen.

<4>The superconducting wire rod according to any one of
<1> to <3>, in which the reaction suppressing layer has a
thickness of from 10 nm to 100 nm.

<5>The superconducting wire rod according to any one of
<2>10 <4>, in which the reaction suppressing layer is thinner
than the cap layer.

<6> The superconducting wire rod according to any one of
<1>to <5>, in which a crystal lattice of the LaMnO, 5, is a
cubic or orthorhombic lattice.

<7> A method for manufacturing a superconducting wire
rod, the method including: a step of forming, on a metal
substrate, an intermediate layer containing a rare-carth ele-
ment that reacts with Ba; a step of forming, on the interme-
diate layer, a reaction suppressing layer mainly containing
LaMnO, 4, wherein 31 represents an amount of non-sto-
ichiometric oxygen; and a step of forming, on the reaction
suppressing layer, an oxide superconducting layer containing
Ba.

Advantageous Effects of Invention

According to the invention, a superconducting wire rod
that contains fewer impurities in an oxide superconducting
layer or at a surface of the oxide superconducting layer at an
intermediate layer side, and a method for manufacturing the
same can be provided.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram showing a multilayer configuration of
a superconducting wire rod according to an embodiment of
the invention.
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FIG. 2 is a detailed cross-sectional view of the multilayer
configuration of the superconducting wire rod shown in FIG.
1.

FIG. 3A is a diagram showing a manufacturing process and
a multilayer configuration of a conventional superconducting
wire rod.

FIG. 3B is a diagram showing the manufacturing process
and the multilayer configuration of the conventional super-
conducting wire rod following FIG. 3A.

BEST MODE FOR CARRYING OUT THE
INVENTION

Hereinbelow, a superconducting wire rod according to an
embodiment of the invention and a method for manufacturing
thereof are described in detail with reference to the drawings.
In the drawings, members (components) having the same or
corresponding functions are provided by the same reference
marks and duplicating descriptions are properly omitted.

Configuration of Superconducting Wire Rod and Method
for Manufacturing the Same

FIG. 1 is a diagram showing a multilayer configuration of
a superconducting wire rod according to an embodiment of
the invention.

As shown in FIG. 1, a superconducting wire rod 1 has a
multilayer configuration in which an intermediate layer 20, a
reaction suppressing layer 28, an oxide superconducting
layer 30, and a protection layer 40 are formed in this order on
a tape-shaped metal substrate 10.

The metal substrate 10 is a low-magnetic, non-oriented
metal substrate. In addition to the tape-shaped metal sub-
strate, various shapes of metal substrates such as board, wire,
or streak material may be used as the metal substrate 10. As a
material for the metal substrate 10, a metal having excellent
strength and thermal resistance such as Cu, Cr, Ni, Ti, Mo,
Nb, Ta, W, Mn, Fe or Ag, or an alloy thereof may be used.
Among these, stainless steel, HASTELLOY (registered
trademark) and other nickel alloys, which have excellent cor-
rosion resistance and thermal resistance, are preferable. In
addition, various conductive ceramic materials may be
arranged on these metal materials.

The intermediate layer 20, which is formed on the metal
substrate 10, is a layer for achieving high degrees of in-plane
orientation in the oxide superconducting layer 30. The spe-
cific layer configuration thereof is described below.

The reaction suppressing layer 28 is a layer mainly con-
taining LaMnO;, , and suppresses the generation of impuri-
ties in the oxide superconducting layer or at a surface of the
oxide superconducting layer 30 at a side of the intermediate
layer 20. Here, 31 represents an amount of non-stoichiomet-
ric oxygen.

The oxide superconducting layer 30, which is formed on
the reaction suppressing layer 28 formed on the intermediate
layer 20, mainly contains an oxide superconductor containing
Ba. As the oxide superconductor, a crystalline material
represented by a composition formula of REBa,Cu,0, ,
(La, _yBay),CuO, s, Ba(Pb, Bi)O,, T1,Ba,Ca, ;Cu,0,,, .
(wherein n is an integer of 2 or more) or the like may be used.
The oxide superconductor may contain a combination of
these crystalline materials. Here, the expression “mainly con-
tain(s)” indicates that the proportion of the oxide supercon-
ductor in the oxide superconducting layer 30 is 80% by mass
or more.

In the above composition formula REBa,Cu;0, 4, RE rep-
resents a single rare-earth element such as Y, Nd, Sm, Eu, Gd,
Dy, Ho, Er, Tm, Yb or Lu, or plural rare-earth elements
selected therefrom. Among these, due to the difficulty of
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substitution with a Ba site, Y is preferable. d represents the
amount of non-stoichiometric oxygen. For example, 9 is from
0to 1. Interms of achieving a high superconducting transition
temperature, 0 is preferably closer to 0. Although supercon-
ducting phenomena have not yet been observed in
PrBa,Cu;0, g, in which RE in the above composition for-
mula is Pr, if superconducting phenomena are observed in the
future, for example, by controlling the amount of non-sto-
ichiometric oxygen 9, then PrBa,Cu;0,_g will be included in
the oxide superconductor according to the embodiments of
the invention.

In addition, 8 of crystalline materials other than
REBa,Cu;0, 4 also represents the amount of non-stoichio-
metric oxygen. For example, 9 is from 0 to 1.

The film thickness of the oxide superconducting layer 30 is
not specifically limited. For example, the film thickness of the
oxide superconducting layer 30 is from 100 nm to 6,000 nm.

Examples of a method of forming (depositing) the oxide
superconducting layer 30 include a TFA-MOD method, a
PLD method, a CVD method, an MOCVD method, and a
sputtering method. Among these deposition methods, the
MOCVD method is preferably used because there is no
requirement of a high vacuum, and there is ease of increase in
surface area, capability of deposition on the substrate 10 even
when it has a complex shape, and excellent mass productivity.
When the MOCVD method is used, the conditions for depo-
sition are appropriately set in accordance with the constituent
materials, film thickness or the like of the oxide supercon-
ducting layer 30. For example, deposition is conducted with a
wire rod conveying speed of from 10 m/h to 500 m/h, and a
deposition temperature of from 800° C. to 900° C. (in a case
where YBa,Cu O, is deposited). When depositing
REBa,Cu;0, 5 or (La, Bay),CuO, g, the deposition is pref-
erably conducted in an oxygen gas atmosphere in order to
reduce the amount of non-stoichiometric oxygen & and
improve superconducting properties.

On an upper surface of the oxide superconducting layer 30,
the protection layer 40 of silver may be deposited by, for
example, a sputtering method. Following the deposition of
the protection layer 40 to manufacture the superconducting
wire rod 1, the obtained superconducting wire rod 1 may be
subjected to a heat treatment.

Detailed Configuration of Superconducting Wire Rod and
Method for Manufacturing the Same

FIG. 2 is a detailed cross-sectional view of the multilayer
configuration of the superconducting wire rod 1 shown in
FIG. 1.

As shown in FIG. 2, the intermediate layer 20 of the super-
conducting wire rod 1 includes a bed layer 22, a biaxially-
oriented layer 24, and a cap layer 26.

The bed layer 22, which is formed on the metal substrate
10, is a layer for preventing diffusion of constituent elements
ofthe metal substrate 10. As a constituent material for the bed
layer 22, for example, Gd,Zr,0, 5 (-1<d<1, hereinafter
referred to as GZO), YAIO; (yttrium aluminate), YSZ (yttria-
stabilized zirconia), Y,O;, Gd,0;, Al,O;, B,0;, Sc,0;,
Cr,0;, REZrO, or RE,O; can be used. Here, RE represents a
single rare-earth element or plural rare-carth elements. In
addition to the diffusion prevention function, the bed layer 22
may have another function such as a function of improving
biaxial orientation. In order to impart the function of improv-
ing biaxial orientation to the bed layer 22, GZO is preferably
used as the constituent material for the bed layer 22.

The film thickness of the bed layer 22 is not specifically
limited. For example, the film thickness of the bed layer 22 is
from 20 nm to 200 nm.
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Examples of a method of forming (depositing) the bed
layer 22 include deposition using an RF sputtering method in
an argon atmosphere.

In the RF sputtering method, inert gas ions (such as Ar™)
generated by plasma discharge are collided with an evapora-
tion source (such as GZO) to sputter evaporated particles,
which in turn deposit on a deposition area to form a film. In
this case, the conditions for deposition are appropriately setin
accordance with the constituent materials, film thickness or
the like of the bed layer 22. For example, RF sputtering is
conducted with RF sputtering output of from 100 W to 500 W,
a wire rod conveying speed of from 10 m/h to 100 m/h, and a
deposition temperature of from 20° C. to 500° C.

Anion-beam sputtering method in which ions generated by
an ion generator (ion gun) are collided with an evaporation
source may be used for deposition of the bed layer 22. The bed
layer 22 may be a multilayer configuration such as a combi-
nation of an Y,0O; layer and an Al,O; layer.

The biaxially-oriented layer 24, which is formed on the bed
layer 22, is a layer for orienting crystals in the oxide super-
conducting layer 30 in a given direction. Examples of a con-
stituent material for the biaxially-oriented layer 24 include
polycrystalline materials such as NbO and MgO. Alterna-
tively, the same material as that of the bed layer 22, such as
GZ0 may be used.

The film thickness of the biaxially-oriented layer 24 is not
specifically limited. For example, the film thickness of the
biaxially-oriented layer 24 is from 1 nm to 20 nm.

Examples of a method of forming (depositing) the biaxi-
ally-oriented layer 24 include deposition using an IBAD
method in an atmosphere of argon, oxygen, or mixed gas of
argon and oxygen. In the IBAD method, evaporated particles
sputtered from an evaporation source (such as MgO) by RF
sputtering (or ion-beam sputtering) are deposited on a depo-
sition area while being irradiated with an assisting ion beam
at a tilted angle to form a film. In this case, the conditions for
deposition are appropriately set in accordance with the con-
stituent materials, film thickness or the like of the biaxially-
oriented layer 24. For example, deposition is conducted with
an assisting ion beam voltage of from 800 V to 1500 V, an
assisting ion beam current of from 80 mA to 350 mA, an
assisting ion beam accelerating voltage of 200V, RF sputter-
ing output of from 800 W to 1500 W, a wire rod conveying
speed of from 40 m/h to 500 m/h, and a deposition tempera-
ture of from 5° C. to 350° C.

Alternatively, a reactive sputtering method may be used for
deposition of the biaxially-oriented layer 24. In the reactive
sputtering method, sputtering is performed with the use of Mg
as an evaporation source in an atmosphere of mixed gas of
argon and oxygen, and the sputtered Mg is reacted with oxy-
gen to deposit MgO. The biaxially-oriented layer 24 may be
a composite layer of a layer deposited by an epitaxial method
and a layer deposited by an IBAD method.

The cap layer 26, which is formed on the biaxially-oriented
layer 24, is a layer for protecting the biaxially-oriented layer
24 and also for achieving improved lattice matching with the
oxide superconducting layer 30. Specifically, the cap layer 26
contains a rare-earth element that reacts with Ba and consists
of a fluorite-type crystal structure having self-epitaxy. The
fluorite-type crystal structure is at least one selected from
CeO, or PrO,, for example. Here, as long as the cap layer 26
is mainly composed of the fluorite-type crystal structure, the
cap layer 26 may further contain impurities.

The film thickness of the cap layer 26 is not specifically
limited. In order to ensure sufficient orientation, the film
thickness of the cap layer 26 is preferably 50 nm or more, and
more preferably 300 nm or more. However, the film thickness
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of the cap layer 26 is preferably 600 nm or less because the
length of time required for deposition is increased when the
film thickness thereof exceeds than 600 nm.

Examples of a method of forming (depositing) the cap
layer 26 include deposition by a PLD method or an RF sput-
tering method. The deposition conditions for the RF sputter-
ing method are appropriately set in accordance with the con-
stituent materials, film thickness or the like of the cap layer
26. For example, deposition is conducted with RF sputtering
output of 200 W to 1000 W, a wire rod conveying speed of
from 2 m/h to 50 m/h, and a deposition temperature of from
450° C. to 800° C.

On the cap layer 26 that is the outermost layer of the
intermediate layer 20 described above, the reaction suppress-
ing layer 28 according to the embodiments of the invention is
provided.

Specifically, the reaction suppressing layer 28 is formed
between the oxide superconducting layer 30 and the cap layer
26 and functions as a layer for suppressing a reaction between
the rare-earth element contained in the fluorite-type crystal
structure constituting the cap layer 26 with the Ba contained
in the oxide superconducting layer 30. Regarding the term of
“suppress”, as long as a reaction with Ba is suppressed com-
pared to a case in which the reaction suppressing layer 28 is
not formed between the oxide superconducting layer 30 and
the cap layer 26, the reaction with Ba does not need to be
completely prevented.

The reaction suppressing layer 28 may be a layer mainly
containing LaMnO,,,, (hereinafter referred to as LMO).
Here, 81 in LaMnQO,, 4, represents an amount of non-sto-
ichiometric oxygen. For example, 31 is from O to 1. The
expression “mainly” represents that the proportion of LMOin
the reaction suppressing layer 28 is 80% by mass or more. In
terms of reliably suppressing the reaction, it is preferable that
the reaction suppressing layer 28 is made of LMO, that is, the
proportion of LMO in the reaction suppressing layer 28 is
100% by mass.

The crystal structure of LaMnO;, 5, may be cubic, orthor-
hombic, or rhombohedral. In order to improve an orientation
ratio of the upper layer (oxide superconducting layer 30), the
cubic structure is preferable when the oxide superconducting
layer 30 is formed thereon.

The film thickness of the reaction suppressing layer 28 is
not specifically limited. In terms of effectively suppressing
the reaction between the rare-earth element contained in the
fluorite-type crystal structure constituting the cap layer 26
with the Ba contained in the oxide superconducting layer 30,
the film thickness of the reaction suppressing layer 28 is
preferably 10 nm or more. In terms of suppressing surface
roughness of the reaction suppressing layer 28, the film thick-
ness of the reaction suppressing layer 28 is preferably 100 nm
or less. Although the reaction suppressing layer 28 exhibits
high orientation similarly to the cap layer 26, it is preferable
the reaction suppressing layer 28 is thinner than the cap layer
26 so as to reliably preserve the orientation of the cap layer 26
in the oxide superconducting layer 30.

Itis preferable that, in the reaction suppressing layer 28, the
amount of the rare-earth element that may react with the Ba is
as small as possible. For example, the content of the rare-earth
element in the reaction suppressing layer 28 is preferably
10% or less, more preferably 5% or less, and still more pref-
erably 1% or less.

When the amount of the rare-earth element is within the
above ranges, a reaction between the rare-carth element in the
reaction suppressing layer 28 and the oxide superconducting
layer 30 can be suppressed even when the rare-earth element
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contained in the fluorite-type crystal structure constituting the
cap layer 26 penetrates into the reaction suppressing layer 28.

In terms of suppressing diffusion (passage through the
reaction suppressing layer 28) of the rare-earth element con-
tained in the fluorite-type crystal structure constituting the
cap layer 26, it is preferable that a porosity of the reaction
suppressing layer 28 is as low as possible. The porosity is
preferably 5% or less, more preferably 1% or less, and still
more preferably 0.1% or less, and further more preferably

8

used as a underlying layer for forming the oxide supercon-
ducting layer 30, the above-described reaction can be sup-
pressed during the formation of the oxide superconducting
layer 30.

Modifications

Although the specific embodiments according to the inven-
tion have been set forth in detail, the invention in not limited
thereto. It will however be obvious to those skilled in the art
that other various embodiments are possible without depart-

0.01% or less. 10 ing from the scope of the invention. For example, the above-
Examples of a method of forming (depositing) the reaction described plural embodiments may be appropriately com-
suppressing layer 28 include deposition by a PLD method or bined with one another to implement the invention.
a sputtering method. The deposition conditions by the sput- Alternatively, the following modifications may be appropri-
tering method are appropriately set in accordance with the ately combined with one another.
constituent materials, film thickness or the like of the reaction L A lattice matching layer containing at least one selected
suppressing .layer 28. For example, deposition is confiucted from LMO or STO may be provided between the biaxially-
with sputtering output of from 100 W to 200 W, a wire rod oriented layer 24 and the cap layer 26 so as to improve the
conveying Spef(} of fr60018° lg / hgt)ooolfg) o/ 1:1’ a gepos%t%on lattice matching properties of the cap layer 26.
temperature of lrom o » and a deposition, Although the case in which the amount of non-stoichio-
atmosphere of an Ar gas atmosphere of from 0.1 Pato 1.0 Pa. . . .
. .= . metric oxygen d of the materials such as YBa,Cu,0,_5is O or
A material not containing a rare-earth element that reacts with - .
. . . . larger (positive value) has been described, the amount of
the Ba, in particular, the constituent material for the above- R . .
. . . . non-stoichiometric oxygen d may be a negative value.
described reaction suppressing layer 28 is used as a target. ;
An oriented metal substrate may be used as the metal
Effects 25 substrate 10, and the intermediate layer 20 made of CeO, or
PrO,/YSZ/CeO, or PrO, may be formed on the metal sub-
In the present embodiments, since the reaction suppressing strate 10. In this case, the metal substrate 10 may be any
layer 28 is formed between the oxide superconducting layer ~ in-plane oriented metal substrate and preferably a substrate
30 and the cap layer 26 as described above, the rare-earth made of Ag, Ni or an alloy thereof. The configuration of the
element that is contained in the fluorite-type crystal structure 30 intermediate layer 20 is not limited to the above-described
constituting the cap layer 26 is less diffused, and the reaction configuration as long as the intermediate layer 20 can sup-
between the rare-earth element and the Ba contained in the  press a diffusion reaction between the metal substrate 10 and
Ox}ge superconguctt}ng llayer 31(5) Sllptlflressi}i Theiffiﬁore, %le the oxide superconducting layer 30 and can control orienta-
oxide superconducting layer 50 or the surface ol the oxide tion of the oxide superconducting layer 30.
superconducting layer 30 at a side of the cap layer 26 includes 39 Moreover, another layer may be formed between the cap
no impurities or fewer impurities compared with a case in layer 26 and the reaction suppressing layer 28.
which the reaction suppressing layer 28 is not formed. The disclosure of Japanese Patent Application No. 2010-
When the reaction suppressing layer 28 is not formed3 the 263910 is ipcomorated by referf:ncg herein in its er.ltirety.
reaction 1b.etween the rare-egrth element and the Ba c.ontalned 20 All publications, patent applications, and technical stan-
in the oxide superconducting layer 30 may occur in a heat dards mentioned in this specification are herein incorporated
treatment process or during high temperature preservation by reference to the same extent as if each individual publica-
after manufacturing the superconducting wire rod 1. In par- tion, patent application, or technical standard was specifically
gcu.lar,ﬂals EhOWI; in F%gls 3{‘:1 and 3B, ﬂ(lie rf.aCtiIOIl 0030(;1{5 and individually indicated to be incorporated by reference.
uring the formation of the oxide superconducting layer 30 in
which the substrate 10 needs to be heated so as to increase the *° EXAMPLES
deposition temperature. A reference mark 100 in the Figure
represents impurities generated by the reaction of the rare- Hereinafter, the superconducting wire rod according to the
earth element contained in the fluorite-type crystal structure invention and the method for manufacturing the same is
constituting the cap layer 26 with the Ba contained in the “ described with reference to examples. However, the invention
oxide superconducting layer 30. is not limited to these examples.
On the other hand, in the present embodiments, since the Examples and Comparative Examples are shown in Table
reaction suppressing layer 28 instead of the cap layer 26 is 1.
TABLE 1
Film Thickness
of Reaction
Suppressing
Configuration Layer (nm) BaGeO; Ra I
Example 1-1 YBCO/LMO/CeO,/IBAD-GZO/Substrate 5 B A B
1-2 YBCO/LMO/CeO,/IBAD-GZO/Substrate 10 A A A
1-3 YBCO/LMO/CeO,/IBAD-GZO/Substrate 30 A A A
1-4 YBCO/LMO/CeO,/IBAD-GZO/Substrate 60 A A A
1-5 YBCO/LMO/CeO,/IBAD-GZO/Substrate 80 A A A
1-6 YBCO/LMO/CeO,/IBAD-GZO/Substrate 100 A A A
1-7 YBCO/LMO/CeO,/IBAD-GZO/Substrate 180 A B B
2 YBCO/LMO/CeO,/IBAD-MgO/GZO/Substrate 60 A A A
3-1 YBCO/LMO/CeO,/LMO/IBAD-MgO/GZO/Substrate 5 B A B
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Configuration

Film Thickness

of Reaction

Suppressing

=
g
—
(e}

Layer (nm) BaGeO,

3-2 YBCO/LMO/CeO,/LMO/IBAD-MgO/GZO/Substrate
3-3 YBCO/LMO/CeO,/LMO/IBAD-MgO/GZO/Substrate
3-4 YBCO/LMO/CeO,/LMO/IBAD-MgO/GZO/Substrate
3-5 YBCO/LMO/CeO,/LMO/IBAD-MgO/GZO/Substrate
3-6 YBCO/LMO/CeO,/LMO/IBAD-MgO/GZO/Substrate
3-7 YBCO/LMO/CeO,/LMO/IBAD-MgO/GZO/Substrate

1 YBCO/CeO,/IBAD-GZO/Substrate

2 YBCO/CeO,/IBAD-MgO/GZO/Substrate

3 YBCO/CeO,/LMO/IBAD-MgO/GZO/Substrate

Comparative
Example

OOOw B> p >
B W e
OO0OWE @ >

Example 1-1 to Example 1-7

In each of Examples 1-1 to 1-7, a HASTELLOY metal
substrate as the substrate 10 was introduced into an IBAD
device, and the IBAD device was vacuumed to 1x107> Pa.
Then, a biaxially-oriented layer 24 made of GZO was depos-
ited by an IBAD method with the use of GZO as an evapora-
tion source at room temperature and a wire rod conveying
speed of 10 m/h to have a film thickness of 700 nm. In some
cases, the biaxially-oriented layer 24 is referred to as IBAD-
GZO. In Example 1, the bed layer 22 was not formed.

Subsequently, the substrate 10 on which the biaxially-ori-
ented layer 24 is deposited was introduced into a sputtering
device, and the sputtering device was vacuumed to 1x107> Pa.
Then, a cap layer 26 made of CeO, was deposited by an RF
sputtering method with the use of CeO, as an evaporation
source to have a film thickness of 500 nm.

Specifically, deposition of the CeO, film by the RF sput-
tering method was performed under conditions of a tempera-
ture of about 700° C., an atmosphere of mixed gas of argon
and oxygen of about 0.3 Pa, sputtering output of about 800 W,
and a wire rod conveying speed of 7 m/h or less.

Next, the substrate 10 over which the cap layer 26 is depos-
ited was introduced into an RF sputtering device, and the RF
sputtering device was vacuumed to 1x107> Pa. Then, a reac-
tion suppressing layer 28 made of cubic LMO was deposited
by an RF sputtering method with the use of LMO as an
evaporation source to have respective film thicknesses.

Specifically, deposition of the LMO film by the RF sput-
tering method was performed under conditions of a tempera-
ture of about 900° C., an atmosphere of Ar gas of about 0.5 Pa,
sputtering output of about 200 W, and a wire rod conveying
speed of from 10 m/h to 360 m/h. The film thicknesses were
set to be 5, 10, 30, 60, 80, 100 and 180 nm, respectively.

Finally, the substrate 10 over which the reaction suppress-
ing layer 28 is deposited was introduced into an MOCVD
device, and, with the use of (Y, ,Gd, ;)Ba,Cu;0, 4 (herein-
after, referred to as YBCO) as an evaporation source, an oxide
superconducting layer 30 made of YBCO was deposited by an
MOCVD method to have a film thickness of 1000 nm.

Specifically, deposition of the YBCO film by the MOCVD
method was performed under conditions of a temperature of
about 800° C., an atmosphere of O, gas, and a wire rod
conveying speed within the range of from 10 m/h to 500 m/h.

The superconducting wire rod according to each of
Examples 1-1to 1-7 of the invention was obtained through the
above manufacturing processes.

Example 2

A HASTELLOY metal substrate as the substrate 10 was
introduced into an ion-beam sputtering deposition device,
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and the ion-beam sputtering deposition device was vacuumed
to 1x107> Pa. Then, a bed layer 22 made of GZO was depos-
ited by an ion-beam sputtering method with the use of GZO as
an evaporation source at room temperature and a wire rod
conveying speed of 30 m/h to have a film thickness of 100 nm.

Next, the substrate 10 on which the bed layer 22 is depos-
ited was introduced into an IBAD device, and the IBAD
device was vacuumed to 1x10™* Pa. Then, a biaxially-ori-
ented layer 24 made of MgO was deposited by an IBAD
method with the use of MgO as an evaporation source at room
temperature and a wire rod conveying speed of 80 m/h to have
a film thickness of 5 nm.

Then, a cap layer 26, a reaction suppressing layer 28, and
an oxide superconducting layer 30 were deposited on the
biaxially-oriented layer 24 in this order in a manner similar to
Example 1. However, a film thickness of the reaction sup-
pressing layer 28 was changed to 60 nm.

The superconducting wire rod according to Example 2 of
the invention was obtained through the above manufacturing
processes.

Examples 3-1 to 3-7

A HASTELLOY metal substrate as the substrate 10 was
introduced into an ion-beam sputtering deposition device,
and the ion-beam sputtering deposition device was vacuumed
to 1x107> Pa. Then, a bed layer 22 made of GZO was depos-
ited by an ion-beam sputtering method with the use of GZO as
an evaporation source at room temperature and a wire rod
conveying speed of 30 m/h to have a film thickness of 100 nm.

Next, the substrate 10 on which the bed layer 22 is depos-
ited was introduced into an IBAD device, and the IBAD
device was vacuumed to 1x10™* Pa. Then, a biaxially-ori-
ented layer 24 made of MgO was deposited by an IBAD
method with the use of MgO as an evaporation source at room
temperature and a wire rod conveying speed of 80 m/h to have
a film thickness of 5 nm.

Next, the substrate 10 over which the biaxially-oriented
layer 24 is deposited was introduced into an RF sputtering
device, and the RF sputtering device was vacuumed to 1x10~>
Pa. Then, in order to improve the lattice matching properties
of'acap layer 26 to be formed thereon, a lattice matching layer
made of LMO was deposited by an RF sputtering method
with the use of LMO as an evaporation source to have a film
thickness of 30 nm.

Specifically, deposition of the LMO film by the RF sput-
tering method was performed under conditions of a tempera-
ture of about 900° C., an atmosphere of Ar gas of about 0.5 Pa,
sputtering output of about 200 W, and a wire rod conveying
speed of 60 m/h.
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Then, a cap layer 26, a reaction suppressing layer 28, and
an oxide superconducting layer 30 were deposited on the
lattice matching layer in this order in a manner similar to
Example 1. However, a film thickness of the reaction sup-
pressing layer 28 in each of Examples 3-1 to 3-7 was varied.
In particular, the film thicknesses were set to be 5, 10, 30, 60,
80, 100, and 180 nm, respectively.

The superconducting wire rod according to each of
Examples 3-1 to 3-7 of the invention was obtained through the
above manufacturing processes.

Comparative Examples 1 to 3

With respect to the configuration of the superconducting
wire rod of Example 1, a superconducting wire rod having no
reaction suppressing layer 28 was manufactured as Compara-
tive Example 1.

With respect to the configuration of the superconducting
wire rod of Example 2, a superconducting wire rod having no
reaction suppressing layer 28 was manufactured as Compara-
tive Example 2.

With respect to the configuration of the superconducting
wire rod of Examples 3, a superconducting wire rod having no
reaction suppressing layer 28 was manufactured as Compara-
tive Example 3.

As shown in Table 1, the configurations of the respective
intermediate layers 20 of Comparative Examples 1 to 3 differ
from one another.

Evaluation Methods and Evaluation Results

Hereinafter, evaluation methods and evaluation results of
the respective superconducting wire rods manufactured in
Examples 1-1 to 1-7, Example 2, Examples 3-1 to 3-7, and
Comparative Examples 1 to 3 are described.

(1) X-ray Diffraction Measurement

With respect to the oxide superconducting layer 30 of the
superconducting wire rod according to each of the Examples
and Comparative Examples, an X-ray diffraction measure-
ment was performed by using an X-ray diffractometer RINT-
ULTIMA III manufactured by Rigaku Corporation.

Specifically, the measurement was performed with the
X-ray diffractometer by using CuKa ray under conditions of
a tube voltage of 40 kV, a tube current of 40 mA, a scanning
speed of 2.0 deg/min, a receiving slit of 0.15 mm, and a
scanning range 260 of 5° to 135° to obtain an X-ray diffraction
pattern of each superconducting wire rod.

The measurement revealed that each superconducting
layer 30 is formed of a YBCO oxide superconductor.

The results of precipitation (generation) of an impurity
BaCeO; are shown in Table 1 above. In Table 1, the case in
which no peaks belonging to BaCeO, was observed, the case
in which a maximum peak of BaCeO; is more than 0 cps and
less than 100 cps, and the case in which a maximum peak of
BaCeOj; is 100 cps or more in each X-ray diffraction pattern
are indicated by “A”, “B” and “C”, respectively.

The results shown in Table 1 confirmed that the generation
of'the impurity BaCeOj is suppressed in the superconducting
wire rod according to each of Examples 1-1to 1-7, 2, and 3-1
to 3-7 including the reaction suppressing layer 28, compared
to the superconducting wire rod according to each of Com-
parative Examples 1 to 3 not including the reaction suppress-
ing layer 28. Moreover, it was confirmed that the supercon-
ducting wire rod of each of Examples 1-2to 1-7,2,and 3-2 to
3-7, which includes the reaction suppressing layer 28 having
a thickness of 10 um or more, is preferable in that the gen-
eration of the impurity BaCeOj is completely suppressed.
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(2) Surface Roughness Measurement

With respect to the superconducting wire rod according to
each of the Examples and Comparative Examples, surface
roughness Ra of each reaction suppressing layer 28 was deter-
mined using an AFM image thereof obtained with an atomic
force microscope (AFM)(MOBILE S manufactured by
Nanosurf AG). Here, the surface roughness Ra is given as
arithmetic average roughness in 12.3 um square of the AFM
image of each reaction suppressing layer 28. The measure-
ment was performed before depositing the oxide supercon-
ducting layer 30 on each reaction suppressing layer 28.

The measurement results are shown in Table 1. In Table 1,
the case in which Ra is less than 5 nm is indicated by “A”, and
the case in which Ra is 5 nm or more is indicated by “B”.

The results shown in Table 1 confirmed that when the film
thickness of the reaction suppressing layer 28 is 100 nm or
less, the surface roughness Ra of the reaction suppressing
layer 28 is low.

(3) Current Transport Properties

Current transport properties were evaluated based on the
measurement of a critical current Ic of the obtained oxide
superconducting wire rod (line width of 10 mm). The critical
current Ic was measured by using a four-terminal method
with the oxide superconducting wire rod immersed in liquid
nitrogen. Voltage terminals: 1 cm. Electric field criterion: 1
uV/iem.

The measurement results are shown in Table 1 above. In
Table 1, the case in which the critical current Ic is 250 A or
more is indicated by “A”, the case in which the critical current
Ic is 180 A or more and less than 250 A is indicated by “B”,
and the case in which the critical current Ic is less than 180 A
is indicated by “C”.

The results shown in Table 1 confirmed that the critical
current Ic is improved in the superconducting wire rod
according to each of Examples 1-1 to 1-7, 2, and 3-1 to 3-7
including the reaction suppressing layer 28, compared to the
superconducting wire rod according to Comparative
Examples 1 to 3 not including the reaction suppressing layer
28. It is thought that this is because the generation of the
impurity BaCeO; is suppressed. Furthermore, it was con-
firmed that, among Examples 1-1to 1-7, 2, and 3-1 to 3-7, the
critical current Ic is improved in the superconducting wire rod
of'each of Examples 1-2 to 1-7, 2, and 3-2 to 3-7 in which the
impurity BaCeO; was not generated, compared to the critical
current Ic in the superconducting wire rod of each of
Examples 1-1 and 3-1 in which the impurity BaCeO; was
generated.

In the Examples according to the invention, the lattice
constant of the reaction suppressing layer 28 is about 0.39 nm,
the lattice constant of the oxide superconducting layer 30 is
from about 0.38 nm to about 0.39 nm, and the lattice constant
of the cap layer 26 made of CeO, is about 0.38 nm. It is
thought that favorable crystal orientation was achieved in the
oxide superconducting layer 30 (upper layer) because the
reaction suppressing layer 28 formed between the cap layer
26 and the oxide superconducting layer 30 has a lattice con-
stant close to that of the cap layer 26 (lower layer) and that of
the oxide superconducting layer 30 (upper layer).

In contrast, in the Comparative Examples, the lattice con-
stant of BaCeO; generated between the oxide superconduct-
ing layer 30 and the cap layer 26 is about 0.44 nm. As a result,
in the oxide superconducting layer 30, the crystal axes of an
oxide superconductor deposited on BaCeO; were not ori-
ented in a constant direction, and thus Ic was decreased.
Moreover, a superconducting current does not flow through
an area formed of BaCeO; where the oxide superconducting
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layer 30 would have been formed, and thus Ic of the super-
conducting wire rod in the comparative examples was
decreased.

While BaCeO; was generated in Examples 1-1 and 3-1, the
amount thereof was small. Therefore, influence on decrease
in current paths in the oxide superconducting layer 30 was
small, and Ic was not drastically decreased.

In addition to the above Examples, when a composition of
YBCO was changed from (Y,.,Gd,;Ba,Cu,O,, to
YBa,Cu,0, 5, the results similar to those of the above
Examples were obtained. When REBa,Cu;0, 5 (RE repre-
sents other than Y and Pr) was used instead of YBa,Cu,0, ,
the results similar to those of the above Examples were
obtained.

In addition, when the configuration of the biaxially-ori-
ented layer 24 was changed from a single layer of IBAD-GZO
to adoublelayer of IBAD-GZO and IBAD-YNbO, the results
similar to those of the above Examples were obtained.

Furthermore, when PrO, is used as the constituent material
for the cap layer 26 instead of CeO,, the results similar to
those of the above Examples were obtained.

It is thought that favorable crystal orientation was achieved
in the oxide superconducting layer 30 (upper layer) as in the
cases in which CeQ, is used because the lattice constant of
PrO, is about 0.38 nm. In contrast, in the superconducting
wire rods that have configurations similar to those of the
Comparative Examples except that PrO, is used instead of
CeOQ.,, it was confirmed that BaPrO; was generated between
the oxide superconducting layer 30 and the cap layer 26, and
Ic was decreased. It is thought that current paths in the oxide
superconducting layer 30 were reduced and Ic was decreased
because a lattice constant of BaPrO; is about 0.43 nm.

REFERENCE SIGNS LIST

10 metal substrate

20 intermediate layer

26 cap layer

28 reaction suppressing layer
30 oxide superconducting layer

The invention claimed is:

1. A superconducting wire rod comprising:

a metal substrate;

an intermediate layer formed on the metal substrate and
comprising a rare-earth element that reacts with Ba;

a reaction suppressing layer formed on the intermediate
layer and comprising LaMnOj;,,, wherein 31 repre-
sents an amount of non-stoichiometric oxygen; and

an oxide superconducting layer formed on the reaction
suppressing layer and comprising an oxide supercon-
ductor comprising Ba,

wherein an outermost layer of the intermediate layer at an
oxide superconducting layer side is a cap layer compris-
ing CeQ,, PrO,, or both.

2. The superconducting wire rod according to claim 1,
wherein the oxide superconductor is REBa,Cu,0,_g,,
wherein RE represents a single rare-earth element or a plu-
rality of rare-earth elements, and 92 represents an amount of
non-stoichiometric oxygen.

3. The superconducting wire rod according to claim 1,
wherein the reaction suppressing layer has a thickness of
from 10 nm to 100 nm.
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4. The superconducting wire rod according to claim 1,
wherein the reaction suppressing layer is thinner than the cap
layer.

5. The superconducting wire rod according to claim 1,
wherein a crystal lattice of the LaMnO;,,, is a cubic or
orthorhombic lattice.

6. The superconducting wire rod according to claim 1,
wherein a proportion of the LaMnO,, , in the reaction sup-
pressing layer is 80% by mass or more.

7. The superconducting wire rod according to claim 1,
wherein 81 is from O to 1.

8. The superconducting wire rod according to claim 2,
wherein the rare-earth element is at least one selected from
the group consisting of Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm,
Yb, and Lu.

9. The superconducting wire rod according to claim 8,
wherein the rare-earth element is Y.

10. The superconducting wire rod according to claim 2,
wherein 82 is from O to 1.

11. The superconducting wire rod according to claim 1,
wherein the cap layer has a film thickness of from 50 nm to
600 nm.

12. The superconducting wire rod according to claim 5,
wherein the crystal lattice is a cubic lattice.

13. The superconducting wire rod according to claim 1,
wherein the reaction suppressing layer comprises 10% or less
of a rare-earth element that reacts with Ba.

14. The superconducting wire rod according to claim 1,
wherein

the intermediate layer further comprises a bed layer at the

metal substrate side and a biaxially-oriented layer
between the bed layer and the cap layer; and

the cap layer comprises the rare-earth element that reacts

with Ba.

15. The superconducting wire rod according to claim 1,
wherein

the intermediate layer further comprises a biaxially-ori-

ented layer at the metal substrate side; and

the cap layer comprises the rare-earth element that reacts

with Ba.
16. The superconducting wire rod according to claim 1,
wherein the reaction suppressing layer has a porosity of 5% or
less.
17. The superconducting wire rod according to claim 14,
wherein the intermediate layer further comprises a lattice
matching layer between the biaxially-oriented layer and the
cap layer.
18. The superconducting wire rod according to claim 17,
wherein the lattice matching layer comprises LaMnO; .,
where 01 represents an amount of non-stoichiometric oxy-
gen.
19. A method for manufacturing a superconducting wire
rod, the method comprising:
forming, on a metal substrate, an intermediate layer com-
prising a rare-earth element that reacts with Ba;

forming, on the intermediate layer, a reaction suppressing
layer comprising .aMnQO; , 5,, wherein 81 represents an
amount of non-stoichiometric oxygen; and

forming, on the reaction suppressing layer, an oxide super-

conducting layer comprising Ba,

wherein an outermost layer of the intermediate layer at an

oxide superconducting layer side is a cap layer compris-
ing CeO,, PrO,, or both.
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